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Introduction {#sec005}
============

Urgent diagnosis of acute increased intracranial pressure (IICP) and prompt treatment are required to avoid poor clinical outcomes. Invasive surgical procedures such as ICP monitor probe insertion in the brain parenchyma or ventricles are standard modalities for measuring ICP. However, procedure-related complications such as infection, hemorrhage or catheter malfunction occur at a rate between 6% and 32.8% \[[@pone.0183170.ref001], [@pone.0183170.ref002]\]. In addition, the procedures are not widely known by many doctors who work at emergent departments (ER) or intensive care units (ICU), except for neurosurgeons.

The feasibility of using optic nerve sheath diameter (ONSD) as seen on ultrasonography (US) as a non-invasive method to identify IICP is increasingly reported \[[@pone.0183170.ref003]--[@pone.0183170.ref005]\]. Several studies have reported a correlation between ONSD and ICP, and they obtained normal ONSD with a mean range of 3.5--5.1 mm and a cut-off value in the range of 4.1--5.7 mm for identifying IICP. Nevertheless, differences in ethnicity and type of ICP monitor used are obstacles to interpretation and usage of the correlation in an East Asian population. Regarding ethnic differences \[[@pone.0183170.ref006]\], most previous results were obtained from Western population, not East Asians. Therefore, these results may not accurately reflect the relationship between IICP and ONSD in an East Asian population. Although recent studies were conducted on Korean and Chinese populations, they did not show a correlation between ONSD and directly measured ICP \[[@pone.0183170.ref006]--[@pone.0183170.ref009]\]. Regarding the type of ICP monitor, though intraventricular ICP monitors such as EVD have been suggested to be the gold standard to measure global ICP, most previous articles used parenchymal ICP monitoring, which tends to reflect focal ICP, or a combination of parenchymal ICP monitoring with intraventricular monitoring \[[@pone.0183170.ref002], [@pone.0183170.ref010]\]. Additionally, when there is a large hematoma which requires prompt decompression surgery, an ICP monitoring probe can be placed after hematoma removal, which leads to underestimation of ICP as compared with ICP at the time of initial presentation. For these reasons, existing studies may not have accurately correlated global ICP with ONSD. Accordingly, we carried out this study in Korean adult patients who required measurement of ICP to determine the relationship between simultaneous US measurements of ONSD and directly measured ICP using ventricular ICP monitoring.

Methods {#sec006}
=======

Study setting and population {#sec007}
----------------------------

This prospective study was performed from April 2015 to October 2016 in two institutions. The inclusion criteria were as follows: 1) age \> 18 years, 2) abnormal results on brain computed tomography (CT) or magnetic resonance imaging (MRI), 3) patients who required EVD, and 4) patients who were admitted to the ED or ICU. The exclusion criteria were as follows: 1) age \< 18, 2) significant ocular trauma, 3) mass lesions in the orbital area or cavernous sinus, such as an arachnoid cyst, and 4) severe mass effect due to a large hematoma or tumor requiring decompression surgery before placement of an ICP monitoring probe.

Measurement of ONSD and ICP {#sec008}
---------------------------

Ocular US was conducted in standard ophthalmic B-mode using 13 MHz US probe (ProSound Alpha 6, Hitachi Medical Corp., Tokyo, Japan) on closed eyelids. The probe was applied on the temporal part of the closed upper eyelid with coupling gel \[[@pone.0183170.ref011]\] \[[@pone.0183170.ref012]\]. For each patient, investigator performed two measurements on each eye in transverse plane. The resulting four measurements were then averaged to yield a mean ONSD to minimize intraobserver variability. The procedure was performed by two investigator two investigators (JP-J and SU-L). EVD was performed under general anesthesia with remifentanyl and sevoflurane, a volatile anesthetic with fast onset and no significant influence on ICP \[[@pone.0183170.ref013], [@pone.0183170.ref014]\]. Initial US ONSD was measured under general anesthesia before placement of the EVD catheter (10.5 Fr EVD catheter, Yushin Medical Co., Korea). The opening pressure, determined just after placement of the EVD catheter, was used as the initial ICP, and IICP was defined as an ICP over 20 mmHg. Written informed consent was obtained from each patient or legal guardian. This study was approved by the Institutional Review Boards (IRB) of participating institutions (Hallym University College of Medicine, IRB No., 2015--131; Seoul National University Bundang Hospital, IRB No, H-1309-004-515).

Statistical analysis {#sec009}
--------------------

Categorical variables are presented as numbers and percentages. Continuous data are shown as the mean ± standard deviation (SD). Intra-observer and inter-observer variability was used using intra-class correlation coefficient (ICC) analysis. Scatter plot and linear regression analysis were used to assess the relationship between ONSD and ICP. Student's t-test was carried out to compare mean ONSD values according to the presence of IICP. Furthermore, the cut-off point, sensitivity, and specificity of US ONSD measurement to identify IICP were calculated. A receiver operator characteristic (ROC) curve was generated to determine the cut-off point that optimized sensitivity and specificity. A *P*-value \< 0.05 was regarded as statistically significant. Statistics were performed using SPSS version 22 (SPSS, Chicago, IL) and MedCalc ([www.medcalc.org](http://www.medcalc.org)).

Results {#sec010}
=======

A total of 62 ONSD measurements were performed for 62 patients in this study. Thirty-two individuals (51.6%) had IICP as defined as an ICP value \> 20 mmHg. Detailed information on the clinical characteristics of the patients is given in [Table 1](#pone.0183170.t001){ref-type="table"}. Twenty patients were male and the mean age of all patients was 55.8 ± 14.3 years (21 to 83 years). Of the 62 patients, 38 (61.3%) had intracerebral hemorrhaging (ICH) and 13 (21.0%) were diagnosed with subarachnoid hemorrhaging. A brain tumor or abscess was found in 5 patients (8.1%), and 4 patients (6.5%) had intraventricular hemorrhaging due to arteriovenous malformation (AVM) or moyamoya disease (MMD).

10.1371/journal.pone.0183170.t001

###### Baseline characteristics of patients used in this study (n = 62).

![](pone.0183170.t001){#pone.0183170.t001g}

  Variables                      IICP (n = 32)   Without IICP (n = 30)
  ------------------------------ --------------- -----------------------
  Age (years)                    54.4 ± 15.8     57.4 ± 12.6
  Male (%)                       8 (25.0%)       12 (40.0%)
  HTN (%)                        17 (53.1%)      14 (46.7%)
  DM (%)                         3 (9.4%)        6 (20.0%)
  Dyslipidemia (%)               9 (28.1%)       10 (33.3%)
  Presentation                                   
   Altered mentality             23 (71.9%)      20 (66.7%)
   Headache                      5 (15.6%)       7 (23.3%)
   Motor weakness                4 (15.5%)       3 (10.0%)
  Diagnosis                                      
   Intracerebral hemorrhage      20 (62.5%)      18 (60.0%)
   Subarachnoid hemorrhage       6 (18.8%)       7 (23.3%)
   Tumor / Abscess               4 (12.5%)       1 (3.3%)
   Intraventricular hemorrhage   2 (6.3%)        2 (6.7%)
   Hydrocephalus                 0 (0%)          2 (6.7%)

Continuous data is presented as mean ± SD. IICP, increased intracranial pressure; HTN, hypertension; DM, diabetes mellitus

ICC for intra-observer and inter-observer agreement was 0.98 (95% CI: 0.96--0.99) and 0.96 (95% CI: 0.94--0.98), respectively. ICC between right and left ONSD measurments was 0.97 (95% CI: 0.94--0.98). The mean ONSD was 5.80 ± 0.45 mm in the IICP group (\> 20 mmHg, 32 measurements), which was significantly higher than that in the low ICP group (mean ONSD = 5.30 ± 0.61 mm, *P* \< 0.01) ([Fig 1A](#pone.0183170.g001){ref-type="fig"}).

![(A): ONSD in groups without IICP and with IICP. The bar represents the median value and the 25th to 75th percentiles. ONSD in patients with IICP (5.80 mm, range 4.3--6.7 mm) is significantly higher than that in those without IICP (5.3 mm, range 4.0--6.2 mm) (*P* \< 0.001). (B): The area under the receiver operator characteristic curve is 0.936. ONSD \> 5.6 mm yielded a sensitivity of 93.75% (95% CI: 79.2%--99.2%) and a specificity of 86.67% (95% CI: 69.3%--96.2%).](pone.0183170.g001){#pone.0183170.g001}

Using ICP as the standard criterion, we created an ROC curve (AUC = 0.936, 95% CI: 0.844--0.983) to establish the optimal cut-off point that would optimize ONSD sensitivity and specificity ([Fig 1B](#pone.0183170.g001){ref-type="fig"}). An ONSD of 5.6 mm yielded the most favorable balance of test characteristics, with a sensitivity of 93.75% (95% CI: 79.2%--99.2%) and a specificity of 86.67% (95% CI: 69.3%--96.2%). All relevant data are included in the [S1 Table](#pone.0183170.s001){ref-type="supplementary-material"}.

Using simple liner regression, there was a linear correlation between ONSD and ICP (r = 0.60, *P* \< 0.01). Interestingly, the IICP group showed more significant linear correlation with ONSD (r = 0.57, *P* \< 0.01) compared to the non-IICP group (r = 0.42, *P* = 0.02) ([Fig 2](#pone.0183170.g002){ref-type="fig"})

![Scatterplot relating optic nerve sheath diameter (ONSD) and intracranial pressure (ICP) according to the presence of increased intracranial pressure (IICP).\
The linear prediction from regression is shown as solid or dotted line.](pone.0183170.g002){#pone.0183170.g002}

Illustrative case {#sec011}
-----------------

A 65-year-old man presented with a case of sudden-onset altered mentality. Brain CT scans revealed acute IVH from the lateral ventricle to the 4^th^ ventricle with hydrocephalus. US ONSD was 5.7 mm and an EVD was placed in the patient's right lateral ventricle with an opening pressure of 22 mmHg. Three hours later, the patient's ICP surged to 40 mmHg with an ONSD of 6.4 mm, and brain CT angiography showed aggravation of IVH due to a ruptured right posterior inferior cerebellar artery (PICA) aneurysm. Emergency coil embolization of the right PICA aneurysm was performed and another EVD was inserted in the left lateral ventricle. The EVD catheter was replaced after 2 weeks and maintained continuously. Brain CT scans taken in the 3rd week after the operation showed substantial improvement of hydrocephalus and IVH with an ICP of 10 mmHg and an ONSD of 5.4 mm ([Fig 3](#pone.0183170.g003){ref-type="fig"}).

![(A, B): A 65-year-old man presented with sudden-onset altered mentality caused by acute IVH and hydrocephalus. US ONSD was measured as 5.7 mm and an EVD was placed in the right lateral ventricle with an opening pressure of 22 mmHg. (C, D): Three hours later, the patient's ICP surged to 40 mmHg with an ONSD of 6.4 mm due to rebleeding of the right PICA aneurysm. Emergency coil embolization of the right PICA aneurysm was performed and another EVD was inserted in the left lateral ventricle. (E, F): Brain CT scans taken 3 weeks after the operation showed a substantial improvement of hydrocephalus and IVH with an ICP of 10 mmHg and an ONSD of 5.4 mm.](pone.0183170.g003){#pone.0183170.g003}

Discussion {#sec012}
==========

ONSD as seen on bedside US showed good correlation with directly measured ICP using an EVD catheter (r = 0.77, p \< 0.01). The mean diameter of ONSD in patients with increased ICP was 5.80 ± 0.45 mm, which was significantly higher than that in those without increased ICP (5.30 ± 0.61 mm). The optimal cut-off point of ONSD for identifying increased ICP was 5.6 mm, yielding a sensitivity of 93.75% and a specificity of 86.67%.

Non-invasive tests such as transcranial Doppler (TCD), tympanic membrane displacement (TMD), and US have been used to detect IICP. Unlike US, monitoring with TCD and TMD require special equipment and are operator-dependent procedures with a high percentage of unsuccessful measurements, ranging up to 60%. Moreover, TMD testing takes up to 60 min \[[@pone.0183170.ref015]--[@pone.0183170.ref017]\]. Accordingly, these non-invasive methods are inadequate in urgent situations in the ED or ICU. On the other hand, US measurement of ONSD is reproducible and is an easily learned procedure for physicians with no experience with US, with low intra- and inter-observer variation \[[@pone.0183170.ref018], [@pone.0183170.ref019]\].

Since the optic nerve sheath is continuously connected with the meninges, cerebrospinal fluid (CSF) can move freely between the subarachnoid spaces of the intracranial and intraorbital areas. Therefore, patients who suffer from intracranial hemorrhaging or masses can experience an increase of ONSD due to CSF accumulation \[[@pone.0183170.ref020], [@pone.0183170.ref021]\]. Tayal et al. \[[@pone.0183170.ref005]\] reported that the mean ONSD associated with increased ICP seen on brain CT was 6.27 mm, which is significantly higher than that seen in patients without abnormal CT findings (mean, 4.94 mm). Blaivas et al. \[[@pone.0183170.ref003]\] also showed that IICP as demonstrated by CT was associated with an elevated mean ONSD of 6.27 mm (5.6--6.89 mm), in contrast to that in the control group (mean, 4.42 mm). In addition to comparative studies of ONSD and CT findings, direct correlations between ONSD and ICP have been studied. Geeraerts et al. \[[@pone.0183170.ref022]\] reported that a significant correlation was observed between ONSD and ICP (r = 0.71, p \< 0.01). In that study, the optimal cut-off value for identifying increased ICP was 5.86 mm with a sensitivity of 95% and a specificity of 79%. Soldatos et al. found a 0.68 correlation coefficient and an optimal ONSD cut-off point of 5.7 mm in 32 patients with severe traumatic brain injury \[[@pone.0183170.ref023]\]. According to Amini et al., the correlation coefficient was 0.88 and the cut-off point was 5.5 mm with sensitivity and specificity of 100% \[[@pone.0183170.ref024]\].

Differences in ethnicity and type of ICP monitor used can limit the usefulness of the previous results in daily practice. Ethnic differences could be a confounding factor in setting an optimal ONSD to define increased ICP in other cohorts. Ballantyne et al. measured 67 adults in the United Kingdom, in whom ONSD ranged from 2.4 to 4.7 mm (mean, 3.2--3.6mm) In a study conducted on 26 Greek adults, ONSD ranged from 2.2 to 4.9 mm (mean, 3.6 mm), which is similar to that found in a previous study in the United Kingdom and a recent study on a Canadian population (mean, 3.68 mm; range, 2.85--4.40 mm) \[[@pone.0183170.ref023], [@pone.0183170.ref025]\]. However, other studies reported higher mean values. Maude et al. reported a mean ONSD of 4.41 mm (range, 4.24--4.83 mm) in healthy volunteers in Bangladesh and another study performed in Iran showed that the mean ONSD was 4.6 mm (range, 3.8--5.4 mm) \[[@pone.0183170.ref024], [@pone.0183170.ref026]\]. In addition, a study in an Italian population revealed a mean ONSD of 5.4 mm and a range of 4.3--7.6 mm \[[@pone.0183170.ref027]\]. These results suggest that a relatively wide inter-individual range of ONSD may be a result of ethnic diversity and genetic differences. Nevertheless, measuring technique of US could be a contributing factor for relative wide range of ONSD. The mean ONSD seen on MRI or CT differed by 0.2 mm between East Asians and Western population. However, mean ONSD seen on ONSD in East Asia and Western population is about 5.0mm and 3.6mm, respectively ([S2 Table](#pone.0183170.s002){ref-type="supplementary-material"}). Accordingly, studies focusing on the relationship between measuring technique and ONSD are required further.

Regarding the East Asian population, a recent study conducted on healthy Chinese volunteers reported a mean ONSD of 5.1 mm (range, 4.7--5.4 mm) and a study performed on a Korean population found a mean ONSD of 4.9 mm (range, 4.6--5.2 mm) in the normal control group, similar to that of the healthy Chinese population, and a mean ONSD of 5.9 mm (range, 5.8--6.2 mm) in the IICP group diagnosed using brain CT scans, with a cut-off value of 5.5 mm \[[@pone.0183170.ref007], [@pone.0183170.ref008]\]. However, these studies did not correlate ONSD with directly measured ICP. Though Wang et al. \[[@pone.0183170.ref006]\] measured ICP directly by lumbar puncture and identified a cut-off value of 4.1 mm for IICP, they did not report a linear correlation of ONSD and ICP, and lumbar puncture tends to overestimate ICP \[[@pone.0183170.ref028], [@pone.0183170.ref029]\]. Our study is the first to demonstrate a correlation between ONSD as measured by US and directly measured ICP in an East Asian population.

The type of ICP monitor used also causes difficulty in interpreting the results of comparative tests of ICP and ONSD. Conventionally, ventricular pressure represents a more global, representative measurement of pressure throughout the intracranial space, since any pressure generated by a focal mass such as a tumor or hemorrhage will be transmitted to the lateral ventricle until equilibrium is reached. On the contrary, because ICP is frequently compartmentalized in cases of focal injury-induced parenchymal pressure, parenchymal ICP measurement is used as a local measurement of a regional phenomenon \[[@pone.0183170.ref010], [@pone.0183170.ref030]\]. ONSD, which is theoretically connected to the subarachnoid space and known as a reflection of global ICP is supposed to have a more significant correlation with ventricular pressure rather than focal parenchymal pressure. Nevertheless, previous authors drew conclusions without considering ICP catheter type and most used parenchymal ICP monitoring alone \[[@pone.0183170.ref019], [@pone.0183170.ref023], [@pone.0183170.ref031], [@pone.0183170.ref032]\] or in combination with intraventricular monitoring \[[@pone.0183170.ref022], [@pone.0183170.ref033], [@pone.0183170.ref034]\], only two studies \[[@pone.0183170.ref035], [@pone.0183170.ref036]\] conducted in the USA have used EVD to measure ICP.

Our results may be more appropriate for patients with a moderate amount of hematoma. In cases of a large amount of hematoma which requires prompt evacuation, an intraventricular ICP probe is placed after decompression; therefore, the opening pressure can be underestimated. Nevertheless, the severity of the brain's condition in terms of hematoma amount and brain swelling, was not considered when analyzing the direct correlation between ICP and ONSD. To reduce selection bias, we excluded patients with severe IICP which required emergency surgical decompression before ICP monitor insertion. Therefore, an optimal ONSD cut-off point of 5.6 mm may reflect IICP due to moderate hematoma in a Korean population.

US measurement of ONSD is rapid, as it is a bedside procedure that takes approximately 5 minutes to perform \[[@pone.0183170.ref017], [@pone.0183170.ref036]\] and was completed within three minutes in our study. Furthermore, this technique showed a good correlation with ICP and allowed researchers to predict IICP as assessed by CT with a sensitivity of 70--100% and a specificity of 73--95% \[[@pone.0183170.ref003], [@pone.0183170.ref005], [@pone.0183170.ref037]\]. Though brain imaging studies, such as CT or MRI, are more accurate means of diagnosing IICP than is US measurement of ONSD, the latter technique can potentially be used as a screening method and for serial monitoring to detect IICP in settings where brain imaging machines are not readily available.

Limitations {#sec013}
-----------

The present study has some limitations. First, only a small population from two centers in Korea were recruited. However, this paper was the first study carried out in an Asian population to determine the direct correlation between simultaneous US measurement of ONSD and direct measurement of ICP. Therefore, a multicenter study in a larger population should be considered to obtain a representative ONSD value for the Asian population. Second, inter-observer variation was a concern because US measurement was performed by two investigators. Bauerle et al. \[[@pone.0183170.ref027]\] reported that Pearson's correlation coefficient between two investigators was 0.81 on the right side and 0.84 on the left side, respectively. Ballantyne et al. \[[@pone.0183170.ref018]\] have found that median inter-observer variation is ± 0.2--0.3 mm. After the first 17 examinations, inter-observer variation has been reduced \[[@pone.0183170.ref018]\]. Accordingly, we think that the level of inter-observer variation in this study is acceptable.

Conclusion {#sec014}
==========

ONSD as seen on bedside US correlated well with directly measured ICP in Korean adults with brain lesions. The optimal cut-off point of ONSD for detecting ICP was 5.6 mm. Further larger studies are required to confirm the results.
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